Bacteria and algae are the numerically dominant organisms in the plankton of lakes and the ocean and their metabolism largely controls pelagic energy flow and nutrient cycling. The purpose of this review is to examine the means by which algae and heterotrophic bacteria interact in planktonic systems. In terrestrial systems, bacterial-plant interactions have been well studied in the rhizosphere, the zone in the soil where microorganisms are infl uenced by plant roots (108). The concept of the "phycosphere" was introduced as a pelagic analogy to the rhizosphere (7). The phycosphere would be the zone surrounding an algal cell within which microorganisms are influenced by algal products. In considering bacterial-algal interactions, then, we should ask ourselves whether a phycosphere exists.
INTRODUCTION
Bacteria and algae are the numerically dominant organisms in the plankton of lakes and the ocean and their metabolism largely controls pelagic energy flow and nutrient cycling. The purpose of this review is to examine the means by which algae and heterotrophic bacteria interact in planktonic systems. In terrestrial systems, bacterial-plant interactions have been well studied in the rhizosphere, the zone in the soil where microorganisms are infl uenced by plant roots (108) . The concept of the "phycosphere" was introduced as a pelagic analogy to the rhizosphere (7). The phycosphere would be the zone surrounding an algal cell within which microorganisms are influenced by algal products. In considering bacterial-algal interactions, then, we should ask ourselves whether a phycosphere exists.
I cite specifi c evidence from the literature for various types of interac tions. In doing this I rely heavily on laboratory studies because relatively little field oriented work is available. I include neither the photosynthetic bacteria (e.g. Chlorobiaceae, Rhodospirillaceae) nor the large macroalgae (seaweeds) in this review.
The cyanobacteria have both algal and bacterial characteristics, being prokaryotes and capable of oxygenic photosynthesis. As planktonic, aerobic photo-autotrophs the cyanobacteria clearly belong with the phytoplankton in terms of this review.
Size and Abundance of Planktonic Bacteria and Algae
In both freshwater and marine systems bacteria usually number near 106 cells ml-I when counted by direct microscopic methods. Owing to the selective effects of culture media, so-called "viable counts" (the number of bacteria that will grow in enrichment culture) are always several orders of magnitude lower than direct microscopic counts. The planktonic bacteria of natural waters tend to be quite small, often smaller than 0.5 /Lm in diameter (5, 14, 24, 26, 61). The phytoplankton vary in abundance (gener ally between 10 2 and 105 ml-I); the majority of taxa are larger than about 2 /Lm in the smallest dimension. Exceedingly small blue-green algae (Synechococcus) have been found that are only about 0.8 p.m in diameter (137) . The biomass of the phytoplankton may exceed 300 mg m-3 in eu trophic waters, and algal primary productivity ranges from about 10 to more than 1000 mg C m-2 day-1 in different systems (76) .
Some researchers' estimates of bacterial production (1 to about 100 /Lg carbon I-I day-I) range from less than 10% to more than 100% of primary production in some cases (2, 122). It is still not known what fraction of the bacteria consist of active, metabolizing cells. Some strains appear to be adapted to starvation conditions (90) , and it has been suggested that dor mancy is a common state for aquatic bacteria (127) . On the other hand, studies using autoradiography indicate that a large percentage (more than 30% of the countable cells) is metabolically active (47) .
Co-occurrence In Nature
A broad positive correlation has been found between the primary produc tion of phytoplankton and bacterial abundance (93) (94) (95) or microbial activ ity [(62, 112) ; Figure 1 ]. This relationship may be masked by factors such as allochthonous inputs of organic matter or macrophyte primary produc- Figure 1 The relationship between relative heterotrophic potential (glucose V max; p,g glucose liter-1hr-1) and measured primary production (mg C m-2d-1) in a range of aquatic systems.
Glucose V .... is the rate at which glucose is metabolized at nonlimiting glucose concentrations.
Each entry represents a lake or marine station for which data on planktonic primary produc tion and heterotrophic activity were available [from Hobbie & Rublee (62) ]. Copied with the permission of J. Cairns, Jr.
tion. As many small lakes and ponds are dominated by macrophyte produc tion (23, 105, 140) , and some coastal areas by macroalgae (79, 81) , a simple, pervasive, and invariant relationship between algal photosynthesis and mi crobial activity would be surprising. Bacteria may respond to senescent algae or algal detritus rather than to living phytoplankton. Bacterial abundance is often greatest at some depth below the peak of photosynthetic activity or algal biomass (94) , and mi crobial activity is sometimes better correlated with the concentration of algal phaeopigments than with primary production (46) . In a given body of water the peak in microbial activity or biomass tends to occur during or near the death-phase of an algal bloom (27, 60, 64, 65, 95, 130) . Thus in a lake with spring and fall algal blooms there are usually two peaks in microbial activity, each following the peaks in primary production ( Figure  2 ). Because bacteria may utilize detrital as well as algal carbon, the presence of particulate and dissolved organic compounds may obscure an obvious relationship between planktonic bacteria and algae (87) . Further, the corre lation between bacteria and phytoplankton depends, in some cases, upon the method used to "count" bacteria. Using data from Lake Maggiore, Italy, Goldman et al (49) found that bacterial plate counts (the total number of bacteria from a water sample that will grow on supplemented agar plates) were correlated with both phyto-and zooplankton. There was no relation ship, however, between direct microscopic counts of bacteria and primary production.
ASSOCIATED SPECIES

In the Algal Microenvironment
There are examples of bacteria and algae that are found together in loose or tight associations (17). Anyone who has tried to grow axenic algal cultures will appreciate the tenacity of some of these associations.
The phytoplankton may represent a microhabitat for aquatic bacteria. The taxa of bacteria that can be cultured from samples of phytoplankton or zooplankton are often different from the taxa that can be cultured from water samples. In one study, bacterial isolates obtained from plankton tows were compared to isolates obtained from seawater samples (118) . Of the isolates from the particulate plankton, 70% belonged to Vibrio or Aeromonas while in the seawater samples only 45% belong to these genera. Both Vibrio and Aeromonas are also common in another specialized aquatic environment, the digestive tracts of fish. In a similar vein, Berland et al (9) ex amined microbes isolated from cultures of marine phytoplankton and found that most strains were Pseudomonas, Flavobacterium, and Achromobacter. In comparing these isolates to bacteria isolated from seawater, they found that the nutritional diversity (the number of sole carbon sources supporting growth) of the algal associates was low. These data suggest that the mi crobes associated with phytoplankton can be specialized in comparison to the ambient seawater microfl ora. The interpretation of such studies, how ever, is limited because we can culture only a small fraction of the microbes present in sea or lake water. The mucus of some blue-green algae is a highly specialized microenviron ment for certain bacteria. During an Anabaena bloom a Zoogloea sp. reached densities of 7 X 105 cells ml-1 in the open water but attained nearly 3 X 10" cells ml-1 in the microenvironment of the algal mucus ( 1 8). During this bloom there were 13 bacterial cells, on the average, for each Anabaena cell. The Zoogloea isolate could grow in culture on solid media but could be maintained in liquid culture only in the presence of the alga. Another type of specialized microflora is also found with Anabaena. Bacteria were consistently attached to the heterocysts of Anabaena, and autoradiography showed that those bacteria assimilated 1 4 C-labeled extracellular products from the alga [(96, 97) ; Figure 3 ; discussed below] ..
Endosymbiotic Bacteria
Bacteria are sometimes found living inside algal cells. For example, a strain of Volvox carteri contained endosymbiotic bacteria (unidentified) (69) . These bacteria occurred throughout the cytoplasm but were most abundant between the chloroplast and plasmalemma. The Volvox showed no external sign of contamination or "injury" from the bacterium. Because the morphology of Gonyostomun was unaffected by the bacterium, Heywood (59) has argued that these bacteria are not pathogens. Colombo (25) speculates that a mutualistic relationship exists.
Recently a bacterium-like particle was seen in the marine diatoms Rhizo solenia imbricata and R. castracanei. These diatoms tend to form aggregate colonies, which showed significant nitrogenase activity during in situ incu bations (L. A. Martinez, personal communication). The suggestion is that this intracellular particle is an endosymbiotic nitrogen-fi xing bacterium.
An intriguing association has been elucidated by Wilkinson (143) . Coral reef sponges (Neojibu/aria irata and Jaspis stelifora) have symbiotic blue green algae (probably Aphanocapsa). Inside the cells of several percent of the blue-greens a Bdellovibrio-like bacterium was found. In this case the bacterium is probably a pathogen that causes distortion of the thylakoid membrane of the alga [(143); Figure 4 ]. 
INHIBITION OF ALGAL GROWTH BY BACTERIA
Modification of Environment
Bacterial metabolism may modify the environment to the detriment of algal growth. If the supply of organic matter is sufficient, aerobic respiration can use up the supply of dissolved oxygen. Although some algal taxa are capable of photosynthesis (using only photosystem I) under anaerobic conditions, most taxa would be inhibited by the lack of oxygen. During daylight, however, oxygen depletion is unusual in the photic zones of most aquatic systems unless they receive high loads of allochthonous material. Such oxygen depletion is clearly unimportant in the ocean or in oligotrophic lakes and is probably not a common cause of algal inhibition. However, the consumption of oxygen at night in extremely eutrophic ponds or bays could pose a problem for algae. Bacterial metabolism may also lower the pH both through the production of organic acids and through the oxidation of a variety of compounds (NH;, H2S). In the ocean or in well-buffered fresh waters, bacterially produced acidity probably has a negligible effect on phytoplankton.
Lytic Bacteria
There are many reports of aquatic bacteria that cause algal cells to lyse. A vibrio-shaped bacterium isolated by Mamkaeva (80) caused Chlorella cells to lyse but did not lyse a variety of related algae (Scenedesmus, Ankistrode smus, Scotiella, Chlorococcum). In a series of experiments designed to isolate an algal virus, Stewart & Brown (128) accidentally found a nonfi lter able agent that could lyse dead algae. The isolate turned out to be a Cyto phaga, and different strains could lyse a variety of green and blue-green algae. Bacteria that lyse blue-green algae have been studied in detail in terms of both the lytic mechanism (30) and their natural occurrence and ecology (28, 29). Chemotaxis toward, and then attachment to, the alga appear to be essential first steps for lysis by the myxobacterium (strain CP-l). A substance, possibly a lysozyme, is released by the bacterium and causes breakdown of the algal cell wall and release of the protoplasmic contents. One isolate, CP -l, can lyse a vegetative cell in 30 minutes but is less effective against heterocysts. Probably owing to the need for attachment and chemotaxis, lysis occurs most rapidly in static liquid cultures (28) or on solid media (29). Agitation of the culture may actually prevent lysis (28). In nature, then, this type of lysis would be most common in dense cyano phyte blooms in still waters. The abundance of these lytic myxobacteria was highly correlated with the occurrence of cyanophyte blooms (28), but it is not clear whether lysis is a major cause of the commonly observed crashes in blue-green blooms. Under certain conditions mass cultures of Scenede smus acutus may become seriously infected with a bacterium that pene trates the cell near one of the tips and then digests the entire cell from the inside out (115) .
Bacterial attachment is not a universal requirement for all types of algal lysis. Cellvibrio strains were isolated that could lyse blue-greens extracellu larly. The lytic factor was soluble, heat resistant, and of low molecular weight (52) . A Bdellovibrio (below) produced a soluble, heat-stable sub stance during growth that could cause Phormidium to lyse (16).
Both fungi and actinomycetes also produce extracellular substances that can cause algal lysis (102, 109, 110) . The fungi Acremonium and Emericel lopis produce cephalosporin C, which causes the lysis of Anabaena (102). Whether lysis by the extracellular substances of bacteria or fungi occurs in nature is not known. Because some cyanobacteria produce the enzyme B-lactamase, which inactivates B-Iactam antibiotics such as penicillin and cephalosporin (70), Redhead & Wright (102) speCUlate that blue-greens probably encounter B-lactam antibiotics in nature.
Bdellovibrio, an interesting bacterium known for its ability to parasitize other bacteria, was also discovered accidentally (123, 124, 129) . This bac terium is a parasite that penetrates and becomes lodged in the periplasmic space of the host cell. A "chlorellavorus bacterium" (called Bdellovibrio chlorellavorus) was isolated that would lyse Chlorella (53). It is likely that the chlorellavorus bacterium does not belong in the Bdellovibrio genus because it does not actually enter the Chlorella cell and because it lacks a typical dimorphic life cycle (21). Nevertheless, the chlorellavorus bacterium has Bdellovibrio-like qualities and does cause cell lysis (21, 53). Further, it has been shown that genuine Bdellovibrio bacteriovorus can lyse certain blue-green algae (Phormidium) and does so extracellularly (16). A Bdel lovibrio -like organism has also been found in unicellular blue-greens that are themselves endosymbionts of marine sponges [(143); Figure 4 ].
Viruses may be involved in algal lysis, and in some cases these viruses may be transmitted by bacteria. A phage was found that was carried by COLE Caulobacter and could lyse Chlorella. The Caulobacter participated in the decomposition of the lysed Chlorella cells and may also have increased the susceptibility of Chiarella to viral attack (145) . A Bacillus brevis was iso lated that caused lysis of a variety of bacteria and cyanobacteria (103) . The lytic factor was found in the culture filtrate arid apparently facilitated the establishment of a cyanophage.
Algal taxa vary greatly in their susceptibility to lytic bacteria. Strains of lytic bacteria have been isolated by plating bacteria on an "algal lawn" (54) . These isolated strains lysed some taxa (Anabaena, Anacystis, Ankistrode smus, Chlamydomonas) but not others (Staurastrum, Calothrix, Chlorella, Frischerella, Pediastrum). In general, the algae that resisted lysis had cell walls that were also difficult to degrade enzymatically in vitro (54) . A sporopollenin-like substance was found in the cell walls of Pediastrum duplex and Staurastrum sp. The Staurastrum walls also contained a lignin like substance that accounted for nearly 6% of the weight of the cell walls; the fraction of this substance in the wall increased with the age of the Staurastrum culture. Gunnison & Alexander (54) have argued, therefore, that the cell wall is a major determinant of algal resistance to bacterial lysis. One wonders what happens to algal cells during gamete formation or cell division when the cell wall is weakened, and whether resistant cell walls represent an adaptation against lysis. Certainly, algae susceptible to lysis (Anabaena, Anacystis) may also be abundant in natural waters.
Competition For Limiting Nutrients
Algal growth in natural waters is usually limited by the supply of some essential inorganic nutrient such as N or P (75) . In systems where bacterial activity is high, bacterial uptake of these nutrients could have a temporary impact on algal growth. Some insights into competitive interactions have come from studies in simplified laboratory microcosms. In phophorus limited Pseudomonas-Scenedesmus cultures, for example, although the bac terium surpressed the growth of the alga, the alga had almost no effect on the growth of the bacterium (104) . Bacteria grow rapidly and assimilate P Figure 4 Bdelloyibrio-like bacterium (arrow) inside a blue-green algal cell. This blue-green was itself an endosymbiont of a marine sponge. Bar length is I ftm (photo courtesy of C. R.
Wilkinson; copied with permission of Springer-Verlag).
in proportion to their growth; Scenedesmus grows more slowly but can store P as intracellular polyphosphate. In fact, the first effect Pseudomonas has on Scenedesmus is a decline in this intracellular P in the alga (104) . The magnitude and even the outcome of competitive interactions depend on the specific members of the culture and on the growth rate. When Ankistrode smus was grown in P-limited chemostat culture, the addition of a Pseudomonas sp. caused washout of the culture (84) . The addition of a Flavobacterium to identical Ankistrodesmus cultures resulted in the estab lishment of a steady state. When Pseudomonas was added to the stable Ankistrodesmus-Flavobacterium cultures complete washout again oc curred. The addition ofP0 4 and Pseudomonas resulted in an increase in the alga, followed by increases in the bacterium (86) .
Faust & Correll (39) added 3 2 P-P0 4 to water samples from an estuarine environment and removed aliquots which they fi ltered at 5 p.m to retain "most" of the algae and at 0.45 fJ-m to retain small particles and bacteria. In general most of the P was recovered in the presumptive bacterial fraction, and the amount in this fraction showed pronounced seasonal variation. This type Of experiment suffers from considerable uncertainty but does demon strate the importance of small particles to P cycling. Paerl & Lean (98) attempted to follow, autoradiographically, the movement of 33P-P04 be tween bacteria, algae, and colloidal material in water samples from Heart Lake, Canada. Ultimately, phytoplankton acquired more of the 33p than the bacteria. The mucus sheath of Anabaena held a large fraction of the P.
Unless a system receives an external source of reduced organic matter autotrophic organisms cannot be completely outcompeted by heterotrophs without cessation of all growth. Such a situation would be analogous to the washout observed by Mayfield & Inniss (84) in P-limited chemostats. Rhee (104) points out that in nature bacteria are probably limited by organic C (see also 1), while algae are limited by inorganic P and N. Further, the ability to store P internally gives algae a competitive advantage despite their inherently slow growth rate (104) . I would caution here that we still know relatively little about growth rates of bacteria in natural waters. In oligo trophic waters bacterial growth rates may be no faster than those of phyto plankton (66, 77) .
Other Inhibitory Phenomena
Cases of algal inhibition by bacteria have been observed in which the mechanism of the inhibition has been only partly explained (10). Soluble substances produced by Pseudomonas, Xanthomonas, and Flavobacterium were inhibitory and stimulatory to different algal species [Table 1; (32)]. The pigment prodigiosin, produced by Serratia marcescens, was inhibitory to both green and blue-green algae but was more strongly inhibitory to blue green algae (31). Such specifi city and complexity suggest that bacterial substances could play a role in the seasonal succession of phytoplankton taxa.
STIMULATION OF ALGAL GROWTH BY BACTERIA
Nutrient Regeneration
In the broadest sense, autotrophic growth would be impossible in the ab sence of heterotrophic activity in a closed system. While the biosphere as a whole may be regarded as an essentially closed system, such is not the case with lakes or the ocean. In theory, at least, algal growth could be supported by allochthonously supplied nutrients in the absence of in situ remineraliza tion by heterotrophs. Furthermore, algae themselves may bring about some remineralization of organics (35, 99, 111). In natural systems, however, the best evidence indicates that heterotrophic remineralization is a major sup ply of limiting nutrients (12, 51). In lakes the amount of P assimilated by phytoplankton each year can be much larger than the allochthonous supply (12, 51). Such calculations indicate that each atom of P is assimilated and mineralized many times. This remineralization may be due to microbes, zooplankton, or the algae themselves. Data compiled by Axler et al (4) show that nitrogen mineralization by microbes alone can account for most of the nitrogen assimilated by phytoplankton in the freshwater and marine sys tems studied.
Vitamin Production
Requirements for vitamins, especially B vitamins, are common in plank tonic algae. The major source of Bl2 in open waters is probably synthesis by heterotrophic bacteria. Vitamin BI 2 "requiring diatoms have been suc cessfully maintained in cultures containing B12-producing bacteria without the addition of exogenous Bl 2 [(56); Figure 5 ]. The growth of a vitamin requiring strain of Thalassiosira pseudonanna was stimulated either by the addition of vitamin Bl 2 or by live bacteria that synthesized the vitamin; the addition of dead bacteria did not stimulate growth ( Figure 5 ). Some diatoms are facultative autotrophs with respect to vitamin production. In the ab sence of added Bl2, these diatoms (Thalassiosira, Porosira, Chaetoceros) can produce BI2 and will excrete detectable amounts into the culture medium (131) . In Lake Kinneret, Israel, the concentration of vitamin B 1 2 has a pro nounced seasonal cycle in the epilimnion and decreases during periods of intense algal growth (20). It is not known if the algal community of Lake Kinneret is B12-limited, but the pattern is suggestive. The vitamin was clearly produced in the hypolimnion or sediments of Lake Kinneret either by bacterial synthesis or by release from decomposing algae (20).
Other Stimulatory Products
Bacterial products other than vitamins may stimulate algae. In many stud ies a stimulatory effect has been observed, but the stimulatory substance remains unknown (32). Some of these stimulatory effects are complex. Chlamydomonas was stimulated by either Pseudomonas or Flavobacterium but was inhibited by these two bacteria in combination [(32); Table 1 ]. Such results suggest that a potentially stimulatory substance produced by one bacterium may be assimilated, inactivated, or converted to a toxic by product by another bacterium. Furthermore, the outcome of bioassays for stimulation may sometimes be an artifact of the method used. When algae were grown on agar plates, paper disks containing Vibrio anguillarum stimulated many algal taxa (Chlorella, Nannochloris, Platymonas, and Nitzschia), but such stimulation did not occur in liquid cultures (134) . The authors speculated that bacterial hydrolysis of the agar released the stimula tory factor. Agar itself, of course, is a product of red macroalgae (e.g. Gelidium). Perhaps stimulatory substances are also released during the decomposition of macroalgae and influence near-shore phytoplankton pop ulations. The amount of dissolved and particulate organic matter produced in dense stands of macroalgae is large and supports a detrital-microbial system (3, 78, 79) .
Cyanobacteria may release substances that inhibit other algae. In testing blue-greens for their toxicity to diatoms, Keating (68) observed that axenic blue-green cultures had a stronger inhibitory effect than cultures containing bacteria, suggesting that the inhibitory factor might be a biodegradable substance. If this interesting suggestion is borne out by further experiments, we may fi nd that diatoms are stimulated (or at least released from chemical inhibition) by bacterial degradation of the allelopathic inhibitor. The algal microenvironment may be altered by bacteria in ways that stimulate algal functions. Bunt (15) found that a Nostoc strain grew better in the presence of Caulobacter than in its absence and that the two-mem bered culture had enhanced abilities to fix N2. Specific bacteria were consis tently found attached to the heterocysts of Anabaena (Figure 3) , and it has been suggested that oxygen consumption by these bacteria maintains low O2 concentrations in the immediate vicinity of the heterocyst (96, 97) . Because the nitrogenase enzyme system is sensitive to oxygen, lowered O2 could stimulate N2 fixation.
INHIBITION OF BACTERIAL GROWTH BY ALGAE
Antibiotics
In addition to competing with bacteria for limiting nutrients, phytoplank ton may release substances inhibitory to bacteria. Seawater itself often has a bacteriostatic effect sometimes attributed to antibiotics produced by bac teria (107) or phytoplankton (113) . Water from Vineyard Sound, Massa chusetts, for example, had an antistaphylococcal effect, the magnitude of which varied seasonally (113) . The active factor was characterized as a large, nondialyzable molecule that could be destroyed by heat. Because the inhibitory effect varied with season and showed pronounced week to week variations, Saz et al (113) speculated that the active factor was produced by phytoplankton.
The first antibiotic to be isolated from an autotroph (Chlorella) was chlorellin, which was effective against both gram positive and gram negative bacteria including Staphylococcus aureus, Streptococcus pyogenes, Bacillus subtilis, and Pseudomonas aeruginosa (101) . Many researchers have shown that many algal taxa release substances inhibitory to bacteria (37, 55, 125) . These experiments are usually performed as "zone of inhibition" tests on agar plates. The plate contains a lawn of bacterial isolate, and the test algae or extracts from algae are added to the plate on paper disks. The zone of inhibition is the area surrounding the paper disk within which bacteria will not grow. The fact that inhibition occurs under these test conditions does not necessarily imply that antibiotics are significant in nature. The major question is whether or not antibiotics are produced in quantities large enough to be effective. The zones of inhibition on agar plates are usually narrow, suggesting that high concentrations are required to cause the inhib itory effect (37). Such high concentrations may not occur in the open water but could be present at the algal cell surface or in the algal mucus (17, 18). On the other hand, Steeman-Nielsen (125) has indicated that small concen-trations of algal substances may affect bacterial processes such as respira tion. We do not know whether the production of antibiotics is in some way an adaptation on the part of the alga or simply the by-product of a normal metabolic route, or both (141) . Some derivatives of chlorophyllide, for example, are toxic to bacteria (67) .
Alteration of Macroenvironment
During periods of intense algal growth, photosynthesis may signifi cantly deplete the concentration of inorganic carbon. In fresh waters this depletion is often large enough to raise the pH by one unit or more in the pH 6-8 range. While such shifts in pH are unlikely to severely affect most bacteria, those with narrow pH tolerances might be excluded from such environ ments. The elevation of pH during photosynthesis could also stimulate the metabolism of bacteria with higher pH optima.
STIMULATION OF BACTERIA BY ALGAE
Phytoplankton supply, directly or indirectly, much of the organic matter used by planktonic bacteria. Lakes with high rates of planktonic primary production tend to have high rates of heterotrophic microbial activity [ (62, 95, 112) ; Figure 1 ], suggesting that algal photosynthesis, or factors corre lated with it, stimulate planktonic bacteria. While it is likely that the production of planktonic bacteria is dependent upon the production of planktonic algae in many systems, we have too few measurements of bac terial production to generalize.
Several processes are involved in the transfer of organic material from algae to bacteria. 
Decomposition
Although researchers do not agree on the role played by microorganisms in the decomposition of planktonic algae, it is clear that some of the organic matter from a dead algal cell will be metabolized by bacteria both in the laboratory and under natural conditions (63) . At the onset of cell death there is usually a large initial release of soluble materials from the algal cell amounting to 20-50% of the cell's organic content (13, 22, 33, 88, 136) . This release is probably not actually caused by microbes and appears to occur at nearly equal rates under sterile and nonsterile conditions. Nonmi crobial processes such as autolysis (50) , dissolution (22, 38, 92) , and me chanical damage from grazers (100) may all cause this release. In an oligotrophic lake, dead phytoplankton were mineralized to CO2 only in the presence of living microorganisms but were converted to dissolved organic carbon (DOC) under both sterile and nonsterile conditions (22, 24).
The soluble material that escapes from the dead algal cell is rapidly metabolized by bacteria. During the decomposition of an Aphanizomenon culture in a laboratory microcosm, Romanenko (106) calculated that about half of the algal carbon passed through a glucose stage; the amount of glucose was estimated from kinetic parameters. This glucose, of course, was rapidly metabolized by bacteria. Schleyer (114) prepared a soluble extract from a 1 4 C-Iabeled Chlorella culture and used this extract to measure relative heterotrophic potential in a subtidal reef. The turnover times for the extract (14-80 hr) were comparable to the turnover times for glucose in the same environment (3-42 hr). Fallon & Brock (38) showed that the DOC leached from a heat-killed Anabaena culture in laboratory microcosms was converted to CO 2 under aerobic conditions and to CO2 plus CH 4 under anaerobic conditions.
The observation that bacteria are stimulated by old or decaying algae rather than exponentially growing cells goes back to Waksman et al (136) . In general, living pelagic diatoms (36) and other taxa are not colonized by bacteria. Colonization by bacteria and fungi is associated with the end of the bloom (19. 64, 65). The fi ltrates from old algal cultures, but not from young cultures, caused a positive chemotactic response from bacterial iso lates (7). Fuhrman et al (46) recently found that microbial activity in a series of ocean stations was best-correlated with the standing stock of algae and phaeopigments and not well-correlated with primary production, suggest ing that dead or senescent algae could be the organic substrate for the bacteria. Furthermore, the seasonal and depth patterns of algae and bacteria in lakes support the idea that bacteria are associated with senescent or dead algal cells.
Taken together much of the available data suggest that microbial produc tion is supported saprotrophically during algal decomposition. However, as the natural causes of algal mortality are not understood it is not possible to unravel cause from effect in the above cases. Do microbes respond to the decline of the algal bloom or do they cause it? Furthermore, the microbial population usually begins to increase during the increase in algal numbers (Figure 2) , suggesting that products of living algae support at least some of the bacteria (26, 130).
Extracellular Release
Living phytoplankton release soluble compounds during growth (42, 43, 44, 138) . During mating, for example, Chlamydomonas reinhardii releases a lytic factor that digests the cell wall, allowing fusion of the gametes; this digestion releases soluble carbohydrates in amounts up to 3 X 10-6 p.g cell-1 within a few hours (121) . Estimates of the fraction of net primary production released as DOC in natural systems span a tremendous range [from about 5% to more than 50%; see (57) ]. Different types of processes (lysis, excretion, grazing, autolysis) may all be responsible for the release of algal DOC. Many researchers have argued that the gross amount of released DOC would be larger than the measured amount because microbes may consume some of the released compounds rapidly. Although some of the techniques and assumptions used in the estimation of extracellular release have been called into question (117) , obviously some soluble mate rial escapes from algal cells.
Although the precise chemical composition of the mixture of released compounds is not known and is likely to be complex (142) , some com pounds, such as glycollate, have been found repeatedly in extracellular release (44, 116, 139) . Glycollate can be metabolized by bacteria under in situ conditions and is undoubtedly being turned over rapidly in natural systems (72, 132, 144) .
Other researchers have attempted to measure bacterial uptake of the mixture of materials actually released by phytoplankton (8). The DOC released by Oscillatoria redekei can be metabolized rapidly by bacterial isolates (Flavobacterium or Lactobacillus) (58) . Kinetic analyses of the rate of appearance and disappearance of algal DOC indicate that the rate of uptake by microbes is often equal to the rate of production, resulting in a steady-state concentration of algal DOC (142) . In axenic algal cultures the production of DOC often, but not always, increases with time. In nonax enic cultures, however, the amount of algal DOC tends to reach a steady state, suggesting that microbial uptake can keep pace with the rate of release (89, 120) .
A further approach has been to size-fractionate, by differential fi ltration, the plankton after an incubation in the light in the presence of 1 4 C_ HC03• After making corrections for the many necessary controls (e.g. microbial CO2 uptake, absorption of 14C-C02, algal cell breakage, overlap in bacterial and algal sizes), it is possible to calculate bacterial assimilation of algal DOC (24a, 34, 71). In the Baltic Sea about half of bacterial produc tion may be supported by algal exudates (71) . In an oligotrophic lake in New Hampshire from one fourth to one half of bacterial production in the epilimnion during summer may also be supported by algal DOC (22, 24a). Although there are potential problems with these methods the data suggest that the soluble compounds released during algal growth. and possibly upon cell death, are significant to the metabolism of planktonic bacteria in nature.
Growth of Enteric and Pathogenic Organisms on Algal Organic Matter
Surprisingly, some of the bacteria that grow in nature on algal organic matter have turned out to be unusual organisms. The coliform bacteria are usually associated with the intestinal tracts of warm-blooded animals, in cluding humans. The presence of large numbers of coliforms is often indica tive of an input of sewage or animal waste. Recently, high densities of coliforms were reported for unpolluted alpine streams in Wyoming. These outbreaks of the coliforms were correlated with blooms of Chlorella (86) . Further studies with pure cultures of fecal coliforms (including Escherichia coli) and other coliform bacteria (Klebsiella, Enterobacter) demonstrated that these bacteria could grow on fi ltrates from Chlorella cultures at ambi ent stream temperatures (l3°C) and could assimilate organic compounds released by Chlorella (86) . Such studies suggest that the so-called intestinal microfl ora may be widely distributed in fresh water.
Another interesting bacterium, Legionella pneumophila, the cause of the once-mysterious Legionaires' disease, was initially difficult to isolate and culture because it would not grow in standard microbial growth media (45, 85 ) . It now appears that L. pneumophila can be found in a wide variety of aquatic habitats including water cooling towers (91) , lakes (40, 41), and algal mats (133) . Despite the initial difficulty in growing this organism, Legionella pneumophila can be grown on mineral media in the presence of the blue-green alga Fischerella (133) . Apparently the bacterium uses ex tracellular products released from the blue-green alga. The use of algal organic matter as a growth medium is probably what accounts for the widespread ecological distribution of Legionella.
The above studies imply that we should seriously examine productive aquatic habitats for pathogenic and enteric organisms that can grow by using algal organic matter. Early studies on this topic were concerned with bacterial contaminants in algal mass cultures, usually of Chlorella. In gen eral it was found that most pathogens do not survive well in Chlorella cultures (11, 83, 135) . The growth of pathogens in association with other taxa has not been extensively investigated. The use of specific fl uorescent antibodies will make this screening process much easier than it would have been a decade ago.
SUMMARY AND CONCLUSIONS
The Phycosphere
Is there a phycospere? The available laboratory evidence strongly suggests that a zone exists within which bacteria and algae interact in both stimula tory and inhibitory ways (Figure 6 ). In nature this zone may be more conceptual than a physical reality. The physical dimensions of the phycos phere must be transitory and would depend upon the concentration and rate of release of materials as well as on the degree of turbulence in the environ ment. Bacterial chemotaxis and attachement to algal cells and mucus may 
Ecological Succession in the Phycosphere
The interactions between bacteria and algae in the phycosphere do not take place in isolation. The balance between the various stimulatory and inhibi tory processes may selectively affect the survival of particular organisms at particular times. While we are familiar with the seasonal succession of the phytoplankton we know far less about the succession of bacteria associated with them. Martin (82) has characterized the changes in microbial popula tions during experimental phytoplankton blooms in large-volume continu ous cultures. At the beginning of the stationary phase of the algal bloom the microbial population has a low taxonomic diversity, low nutritional diversity, and high activity. During oligotrophic conditions the microbial population has lower activity but greater nutritional and taxonomic diversi ties (82) . Stegeman & Hoober (126) were able to demonstrate a succession, of sorts, at the molecular level. In the presence of Chlamydomonas, a coryneform isolate produced a protein that was not produced in the absence of the alga. The turning on and off of constitutive enzyme systems must be going on all the time in the phycosphere. If a demonstrable succession of bacteria or bacterial activity does occur during algal blooms, do these bacteria have any impact on the subsequent phytoplankton populations? The evidence from laboratory studies strongly suggests this possibility, but confirmation from the field is difficult to obtain. Certainly some of the organic compounds produced by phytoplankton may be altered or metabolized by bacteria. Thus bacteria may mediate allelo chemical interactions between different algal taxa (68) .
Many of the interactions between bacteria and phytoplankton can be adequately categorized by systems used for bacteria and higher plants (74) . Life in the phycosphere. however, differs substantially from life in the phyllosphere or rhizosphere in several respects. In the plankton diffusion and turbulence tend to disperse dissolved materials and the organisms themselves; the sinking of phytoplankton cells would also cause some local turbulence (119) . In the dilute and relatively turbulent plankton, many of the interactions between bacteria and algae are less direct than those on leaves or in the soil, and do not fit cleanly into categories (6). 
